This research focuses on the characterization of a metal matrix nanocomposite (MMNC) comprised of a nickel matrix reinforced by carbon nanotubes (CNTs). The aim of this study was to characterize Ni-CNTs nanocomposites produced by powder metallurgy using ball-milling. CNTs were initially untangled using ultrasonication followed by mixture/dispersion with Ni powder by ball-milling for 60, 180, or 300 min. The mixtures were cold-pressed and then pressureless sintered at 950 • C for 120 min under vacuum. Their microstructural characterization was mainly performed by optical microscopy (OM), scanning electron microscopy (SEM), and electron backscatter diffraction (EBSD). The mechanical properties were evaluated by Vickers microhardness.
Introduction
The development of metal matrix nanocomposites (MMNCs) is still an exciting topic in the scientific community due to the potential of obtaining unique advanced materials. For instance, advanced lightweight composites are excellent candidates to fulfil some needs of the aerospace industry. In this sense, one of the most-explored issues by researchers has been to understand the potential use of nanometric reinforcements for the production of unique nanocomposites. Among other reinforcements, carbon nanotubes (CNTs) have already proved to be an excellent reinforcement material for various metal matrices, such as Ni [1] [2] [3] [4] [5] [6] [7] , Cu [8] [9] [10] [11] [12] [13] , Ti [14] [15] [16] [17] [18] [19] , Mg [20] [21] [22] [23] [24] , Al [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] , and their alloys [20, [35] [36] [37] [38] . However, to meet application requirements, it is essential to combine the suitable production of nanocomposites with improved mechanical properties, which can only be achieved with uniform dispersion of the reinforcing material [39, 40] . The efficiency of the strengthening mechanisms is often correlated with the nanocomposite production technique, particularly reinforcement dispersion methods. For this reason, it is crucial to ensure the use of an effective production route for the development of nanocomposites that promotes the uniform dispersion of CNTs, which should be undamaged and well-bonded to the metallic matrices in order for the strengthening mechanisms to be effective in nanocomposites [39, 41] . Microstructural characterization of Ni-CNTs nanocomposites was performed by optical microscopy (OM) using a Leica DM 4000 M with a Leica DFC 420 camera (Leica Microsystems, Wetzlar, Germany) and the software Leica LAS (version 4.13.0, Leica Microsystems, Wetzlar, Germany), and by scanning electron microscopy (SEM) with an electron backscatter diffraction (EBSD) detector, employing a FEI QUANTA 400 FEG SEM (FEI Company, Hillsboro, Or, USA) with an EDAX-TSL OIM EBSD system (EDAX Inc. (Ametek), Mahwah, NJ, USA).
The roundness values of the powders were obtained by image analysis with the Leica LAS software, while for the powder size distributions, 200 particles were measured using Image J software (version 1.51, Wayne Rasban, National Institutes of Health, Bethesda MD, USA). The average grain size of the sintered samples was the result of ≈500 grain measurements in each sample using the Image J software. These measurements were performed on optical images of the samples previously etched with a solution of 10 mL H2SO4, 100 mL HCl, and 10 g CuSO4, at room temperature for times between 0.5 and 2 min, to reveal the grain boundaries [52] . The nanocomposites' fracture surfaces were obtained by striking notched samples with a small load.
The raw EBSD data were submitted to a dilation clean-up routine, with a grain tolerance angle of 15° and minimum grain size of 2 points to avoid untrue results from incorrect pattern indexation. This cleanup procedure checks for an incorrect indexing indication in each point of the map, including isolated or low-confidence factor points. The plotted EBSD maps, inverse pole figures (IPFs), kernel average misorientation (KAM), and grain orientation spread (GOS) were obtained, and the data were treated similarly to the maps used in a previous study [53] .
For mechanical evaluation, Vickers microhardness tests were performed on Ni and Ni-CNTs samples produced under the same processing conditions. The tests were performed using a Duramin-1 (Duramin-1; Struers A/S, Ballerup, Denmark) equipment. Indentation matrices with ten columns Microstructural characterization of Ni-CNTs nanocomposites was performed by optical microscopy (OM) using a Leica DM 4000 M with a Leica DFC 420 camera (Leica Microsystems, Wetzlar, Germany) and the software Leica LAS (version 4.13.0, Leica Microsystems, Wetzlar, Germany), and by scanning electron microscopy (SEM) with an electron backscatter diffraction (EBSD) detector, employing a FEI QUANTA 400 FEG SEM (FEI Company, Hillsboro, Or, USA) with an EDAX-TSL OIM EBSD system (EDAX Inc. (Ametek), Mahwah, NJ, USA).
The roundness values of the powders were obtained by image analysis with the Leica LAS software, while for the powder size distributions, 200 particles were measured using Image J software (version 1.51, Wayne Rasban, National Institutes of Health, Bethesda MD, USA). The average grain size of the sintered samples was the result of ≈500 grain measurements in each sample using the Image J software. These measurements were performed on optical images of the samples previously etched with a solution of 10 mL H 2 SO 4 , 100 mL HCl, and 10 g CuSO 4 , at room temperature for times between 0.5 and 2 min, to reveal the grain boundaries [52] . The nanocomposites' fracture surfaces were obtained by striking notched samples with a small load.
The raw EBSD data were submitted to a dilation clean-up routine, with a grain tolerance angle of 15 • and minimum grain size of 2 points to avoid untrue results from incorrect pattern indexation. This cleanup procedure checks for an incorrect indexing indication in each point of the map, including isolated or low-confidence factor points. The plotted EBSD maps, inverse pole figures (IPFs), kernel average misorientation (KAM), and grain orientation spread (GOS) were obtained, and the data were treated similarly to the maps used in a previous study [53] .
For mechanical evaluation, Vickers microhardness tests were performed on Ni and Ni-CNTs samples produced under the same processing conditions. The tests were performed using a Duramin-1 (Duramin-1; Struers A/S, Ballerup, Denmark) equipment. Indentation matrices with ten columns and ten rows with an indentation distance of 100 µm were performed using a low indentation load of 490 mN.
Results and Discussion

Influence of Ball-Milling Time on Powders Morphology
The characterization of the ball-milled powders is fundamental since particle morphology affects the porosity and microstructure of the nanocomposites. Therefore, the influence of the ball-milling time on the size and roundness of the powders was analyzed by OM. It was observed that the presence of CNTs did not influence the Ni powders' morphology-that is, no difference was observed between samples with and without CNTs. Figure 2 shows OM images, sizes, and roundness distributions of the Ni-CNTs powder particles obtained for different times of dispersion/mixture by ball-milling. By the observation of the OM images, the significant effect of the ball-milling time on the particle morphology is visible. As the ball-milling time increased, the particles became more elongated, which is especially evident in the sample ball-milled for 300 min. This observation was confirmed by the roundness distribution in the graphs on the left side of Figure 2 . In these graphs, a particle is defined as perfectly round with a roundness value of 1. The percentage of round particles decreased from 67% to 37% with the increase of ball-milling time from 60 to 300 min.
The value of D 50 was similar for all three samples. Small changes in the powder size distribution were measured; as the ball-milling time increased from 60 to 180 min, a slight decrease in D 50 was observed, which increased again for the ball-milling time of 300 min. Similar trends are reported by Bundy et al. [51] who investigated Ni-CNTs mixtures using ball-milling with methanol, a BPR of 5:1, and a speed of 1750 rpm. For milling times between 90 and 360 min, the results revealed a D 50 in the range ≈ 20-25 µm when using longer MWCNTs (10 to 30 µm in length) and a D 50 ≈ 13-23 µm when using shorter MWCNTs (0.2 to 5.0 µm in length). For mixtures with the shorter CNTs, a decrease in D 50 was observed when ball-milling time increased from 90 to 270 min and there was an increase in the D 50 value for higher ball-milling times. The authors attribute this to an initial particle fracture that reduced its size up to a ball-milling time of 270 min, while for more prolonged periods re-welding occurred due to the increased surface area of the particles, which promoted the increase of the particle size.
For more detailed observation of the powder morphology, SEM analysis was performed. Figure 3 presents the images of as-received Ni powders and Ni-CNTs powders after ball-milling for 60 min. As already noted concerning OM analysis, a significant difference was observed between the morphology of these two powders after 60 min of ball-milling. Due to the ball-milling process, the particles became longer and less round. In the detail of Figure 3b , the presence of CNTs within the Ni particles is visible.
In addition to changing the morphology of Ni powders, increasing the ball-milling time also affected the structure of CNTs, with shorter CNTs dispersed in Ni particles. Some studies [50, 54] report deformation, cold welding, and fragmentation of particles during the ball-milling process, as well as morphological changes and damage of the CNTs structure. Tucho et al. [54] investigated the effect of the ball-milling process on CNTs damage and observed that this process led to the CNTs' transformation into short, open-topped nanotubes because of the high pressure generated locally from the collisions between balls in the milling chamber. In the mentioned work, it was possible to reduce CNTs' damage using wet milling. The present work used isopropanol to reduce the number and size of CNT clusters while preventing structural damage.
Influence of Ball-Milling Time on the Nanocomposites' Microstructure
Once the study of the effect of ball-milling duration on the powder particles was completed, it was then crucial to study this effect on sintered specimens. The characterization was initially performed using OM images, as exemplified in Figure 4a -c, for the global study of the samples microstructure, evaluating porosity and CNT agglomerates.
The percentages of porosity and agglomerates were measured in the cross-section OM images (which are not distinguishable by OM), as shown in Table 1 . This analysis revealed a higher value for the Ni-CNTs than for Ni, regardless of the ball-milling conditions. For both materials, porosity decreased with the ball-milling duration, which could be due to changing particle morphology.
The presence and morphology of the CNTs agglomerates were evident in the fracture surfaces of the nanocomposites. In the image of the fracture surface of the sample produced with 180 min of ball-milling (Figure 4e ), CNTs were also observed in the Ni matrix. Although the sample with 300 min of ball-milling showed lower porosity measurements, it presented some plate structures and larger agglomerates, which could reduce the strengthening effect. The percentages of porosity and agglomerates were measured in the cross-section OM images (which are not distinguishable by OM), as shown in Table 1 . This analysis revealed a higher value for the Ni-CNTs than for Ni, regardless of the ball-milling conditions. For both materials, porosity decreased with the ball-milling duration, which could be due to changing particle morphology.
The presence and morphology of the CNTs agglomerates were evident in the fracture surfaces of the nanocomposites. In the image of the fracture surface of the sample produced with 180 min of ball-milling (Figure 4e ), CNTs were also observed in the Ni matrix. Although the sample with 300 min of ball-milling showed lower porosity measurements, it presented some plate structures and larger agglomerates, which could reduce the strengthening effect. To further evaluate the effect of the presence of CNTs on the nanocomposites' microstructures, EBSD analysis was used. With this analysis, inverse pole figure (IPF) maps and the second-neighbor kernel average misorientation (KAM) maps were generated, as observed in Figure 5 .
Combining IPF and KAM maps allows the influence of the process on the nanocomposite microstructure to be evaluated, namely, in terms of grain size and deformation structures [55, 56] . To further evaluate the effect of the presence of CNTs on the nanocomposites' microstructures, EBSD analysis was used. With this analysis, inverse pole figure (IPF) maps and the second-neighbor kernel average misorientation (KAM) maps were generated, as observed in Figure 5 .
Combining IPF and KAM maps allows the influence of the process on the nanocomposite microstructure to be evaluated, namely, in terms of grain size and deformation structures [55, 56] .
Inverse Pole Figure (IPF) Maps 2nd-neighbor Kernel Average Misorientation (KAM) Maps
Ni-CNTs BM 60 min
Ni-CNTs BM 180 min
Ni-CNTs BM 300 min The IPF maps indicate that nanocomposites had grains with twins. As the ball-milling time increased, it can be seen that the grains' geometry changed from equiaxed to elongated. Another important feature we observed is that for longer ball-milling times, both IPF and KAM maps show zones within the grains with different orientations.
The average grain size of the sintered samples is presented in Table 2 . The grain size can be affected by the presence of CNTs, and the evaluation of this microstructure feature is crucial since it has a substantial influence on mechanical properties. The average grain size seemed to decrease with increasing ball-milling time, which can be explained by the deformation that occurs during the dispersion/mixing process. While the CNTs can be an obstacle to the movement of grain boundaries, thus inhibiting grain growth during sintering which results in small grain size, the deformation can also influence the grain size due to the decrease of the Ni particles during the ball-milling process or even with the formation of dislocation cell structures. It is essential to evaluate these microstructure features, as they significantly affect the mechanical properties of nanocomposites. The KAM maps presented in Figure 5 show that increasing the ball-milling time promoted misorientation within the grains due to the deformation of the particles. Evidence of this effect remained even after sintering. In the powder sample ball-milled for 60 min, the KAM maps show only a few red dots ( 5 • misorientation) around the pores and CNT clusters. The powder sample ball-milled for 180 min shows more intense red areas indicative of pronounced deformation, although some blue (less than 1 • misorientation), that is, less-deformed areas, are also visible. With a 300 min dispersion, the maps reveal general deformation, with almost no blue areas. These results indicate that the remaining deformation in the nanocomposite microstructures after sintering increased proportionally to the ball-milling time. This remaining deformation could be associated with subgrain boundary structures with an average size that decreases with increasing ball-milling time.
The SEM images and EBSD maps indicate that, among the three tested conditions, 180 min was the more efficient production time, presenting a more homogenous dispersion of the reinforcement, with few local deformations in the microstructure.
Characterization of Ni-CNTs Nanocomposite Produced with 180 min of Ball-Milling
As the ball-milling dispersion for 180 min revealed a more effective dispersion condition of the CNTs without damage, the samples produced in this way were studied in more detail. Figure 6 shows IPF maps, with details of high-angle, low-angle, and twin boundaries, as well as grain orientation spread (GOS) maps. In these IPF maps, high-angle boundaries were defined by a misorientation greater than 15 • , being representative of the grain boundaries. Dislocation cells and subgrains, represented as low-angle boundaries, are defined by misorientations in the range 5-15 • . The twins represented in Figure 6 are Σ3 and Σ9, being the most common nickel twins [57, 58] . Figure 6 reveals evident differences between the nickel and the nanocomposite. In the IPF detail, with grain boundaries delineated Figure 6a -c. A higher dislocation density, represented by low-angle boundaries, is visible in the nanocomposite after sintering. This detail is associated with more pronounced deformation in the nanocomposite rather than in the unreinforced nickel.
This result was also confirmed using GOS maps, which show the recrystallization state of each grain of the sample by comparing the orientation of each measured point with the average grain orientation. In this sense, by definition, the blue grains are considered as fully recrystallized, since the orientation spread value is less than 1 • , and similarly the red grains are still far from recrystallization [57] . In these maps (Figure 6b-d) it is possible to note a higher amount of recrystallized grains (in blue) on the nickel sample, while the GOS map of the nanocomposite is mainly constituted by highly deformed grains (in red and yellow).
In the recrystallization process, the formation of twins is common, which is more visible in the nickel samples, confirming a more extensive recrystallization process in these samples. This difference is the result of the obstacle effect of the CNTs to dislocation slip and grain boundary movement, hindering the recovery and recrystallization processes that can occur during the sintering step, as already seen in a previous work using ultrasonication dispersion methods [53] .
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The hardness distribution was analyzed by performing an average of 100 indentations with the load of 490 mN and with approximately the same spacing, as shown in the optical microscopy images of Figure 7 .
From the hardness distribution maps shown in Figure 7 , some differences between the Ni and Ni-CNTs samples are evident; similar hardnesses were determined all over the pure nickel sample, while the hardness measurements of nanocomposites showed a higher dispersion. The Ni sample showed an average hardness of 88 HV 0.05 with a standard error of the mean of ±1, while the Ni-CNTs sample presented 104 HV 0.05, with a standard error of the mean of ±3, with a confidence index of 95%. A detailed analysis using Vickers microhardness was performed to investigate the influence of CNTs on hardness and how this mechanical property may vary within the same sample. The hardness results confirm the choice of 180 min mixing time as the most appropriate. The increase in hardness of Ni-CNTs compared to Ni produced under the same conditions was −1%, 11%, and 8% for the times of 60, 180, and 300 min, respectively.
From the hardness distribution maps shown in Figure 7 , some differences between the Ni and Ni-CNTs samples are evident; similar hardnesses were determined all over the pure nickel sample, while the hardness measurements of nanocomposites showed a higher dispersion. The Ni sample showed an average hardness of 88 HV 0.05 with a standard error of the mean of ±1, while the Ni-CNTs sample presented 104 HV 0.05, with a standard error of the mean of ±3, with a confidence index of 95%.
The nanocomposite produced with 180 min of ball-milling presented higher localized microhardness values, marked on the map by the colors yellow, orange, and red, with a maximum of 153 HV 0.05, while the Ni presented a maximum value of 100 HV 0.05. The fluctuation in hardness values in the nanocomposite is attributed to the increase in hardness in regions adjacent to the CNT agglomerates, as well as the remaining plastic deformation after sintering, as previously shown by the EBSD analysis. The nanocomposite produced with 180 min of ball-milling presented higher localized microhardness values, marked on the map by the colors yellow, orange, and red, with a maximum of 153 HV 0.05, while the Ni presented a maximum value of 100 HV 0.05. The fluctuation in hardness values in the nanocomposite is attributed to the increase in hardness in regions adjacent to the CNT agglomerates, as well as the remaining plastic deformation after sintering, as previously shown by the EBSD analysis. 
Conclusions
The study concerning the influence of ball-milling duration on the powder particles revealed that the process affected nickel and nanocomposite powders, modifying the particle morphology, which became flatter and longer as ball-milling duration increased.
The present research also demonstrated that the combination of ultrasonication and ball-milling as dispersion/mixture techniques could be effective in the production of nickel nanocomposites reinforced by CNTs by the classical powder metallurgy route.
Microstructural characterization of the samples obtained with different ball-milling durations revealed that 180 min was associated with a higher homogeneity of the CNTs dispersion. This characterization also showed CNTs agglomerates inside pores and in the nickel matrix.
The EBSD analysis of the sintered nickel and nanocomposite produced using 180 min of ballmilling under identical conditions showed evident microstructural differences. The Ni-CNTs displayed higher plastic deformation than the nickel sample, revealing that the presence of CNTs acted as an obstacle to the dislocation rearrangement and grain boundaries movement, hindering the recovery and recrystallization processes.
CNTs influenced the hardness of nanocomposite, which was harder than pure nickel (approximately 18% higher hardness), as well as the dispersion of results. The hardness matrices showed more hardness variation for the nanocomposites due to the higher microhardness in the zones adjacent to the CNTs agglomerates. 
The EBSD analysis of the sintered nickel and nanocomposite produced using 180 min of ball-milling under identical conditions showed evident microstructural differences. The Ni-CNTs displayed higher plastic deformation than the nickel sample, revealing that the presence of CNTs acted as an obstacle to the dislocation rearrangement and grain boundaries movement, hindering the recovery and recrystallization processes.
CNTs influenced the hardness of nanocomposite, which was harder than pure nickel (approximately 18% higher hardness), as well as the dispersion of results. The hardness matrices showed more hardness variation for the nanocomposites due to the higher microhardness in the zones adjacent to the CNTs agglomerates.
